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This examination paper is divided into FOUR Parts, ALL of which should be attempted. 
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You should answer ALL questions in Part A, ONE question from Part B, ONE question from Part 
C and ONE question from Part D. 


You are advised to spend about one and a half hours on answering Part A, and about thirty minutes 
on each of your answers to Parts B, C and D. All the questions from Part A should be answered 
in the thick answer book. Use a separate single-question answer book for each of the Part B, C and 
D answers. 
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Fasten together your answer books (i.e. four books in all) using the paper clip provided. 
Hand your answer books to the invigilator. 
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In this examination, you may find the following information useful: 


(a) Fundamental quantities 

The magnitude of the acceleration due to gravity on Earth, g = 10ms ?. 
The mass of the proton, m, = 1.6 x 10° ?’kg. 

The magnitude of the charge of the electron, e = 1.6 x 10° 1°C. 

Planck’s constant, A = 6.6 x 10° 34Js. 

The speed of light in a vacuum, c = 3 x 10®ms"?. 
The molar gas constant, R = 8.3 Jmol ~! K-t. 

The gravitational constant, G = 6.7 x 10°11 N m? kg`?. 


(b) Mathematical constants 
e212 
nm = 3.14 


(c) Equations 
E? = pe? + mct 


h 
(A, — Ao) = me” — cos 0). 
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PART A 


Question 1 
(4 marks) 


Question 2 
(6 marks) 


Question 3 
(5 marks) 


Question 4 
(6 marks) 


Question 5 
(5 marks) 


Question 6 
(6 marks) 


This Part carries 52% of the total examination marks. You should atttempt ALL the questions 
1-11 in this Part. Write your answers in one of the answer books provided. DO NOT use the 
same answer book for this Part as for Parts B, C or D. 


The absolute luminosity of a star is 0.01 times that of the Sun. The same star’s apparent 
luminosity is 107 14 times that of the Sun. Calculate the star’s distance from the Earth. (Take 
the distance of the Sun from the Earth to be 1.5 x 101! m.) 


A flagstone is supported using two ropes tied to a ring attached to its centre (Figure 1). 
The total mass of the stone and the ring is 40 kg. Calculate the magnitude of the tension in 
each of the ropes. 


WEA oa es 
res diy WII 


Figure 1 


(a) Write down an equation for the gravitational force exerted on an object of mass M, 
separated by a displacement r from an object of mass M,. 


(b) A satellite of small mass is in a circular orbit of radius 10* km around a planet of mass 
107° kg. Calculate the speed of the satellite. 


(a) State the condition that must be fulfilled if interference between two waves is to take 
place. Under what condition will the interference between the waves be destructive? 


(b) A microphone is positioned on the line between two identical loudspeakers, at an equal 
distance from each one. The loudspeakers are fed from the same source and they therefore 
emit exactly the same sound, which is a continuous tone of frequency 220 Hz. What is the 
minimum distance that the microphone must be moved towards one of the loudspeakers for 
the sound to reach an intensity minimum? 


(Take the speed of sound in air to be 330ms +.) 


(a) State the postulates on which Einstein based his special theory of relativity. 


(b) According to the special theory of relativity, is the Newtonian equation F = ma a ‘law 
of physics’? Explain your reasoning in one sentence. 


(a) Write down an expression for the force exerted on a moving charged particle in a 
magnetic field. State the meaning of any symbols you use. 


(6) A proton travels in a circular orbit in a plane that is perpendicular to a uniform 
magnetic field (Figure 2). The radius of the orbit is 0.1m and the speed of the proton is 
10°ms~‘. Calculate the magnetic field strength. 


direction of 
magnetic field 


proton speed 
10°ms’ 


Figure 2 
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Question 7 
(4 marks) 


Question 8 
(5 marks) 


Question 9 
(4 marks) 


Question 10 
(7 marks) 


A thin ring encloses an area of 1 cm? and has an electrical resistance of 0.1. The plane of 
the ring is horizontal, and there is a uniform magnetic field that acts vertically upwards 
(Figure 3). Calculate the current in the ring at a moment when the magnitude of the field 
is increasing at the rate of 0.1Ts ‘. Is the current at that moment in the clockwise or 
anticlockwise direction when viewed from above? 


uniform magnetic field 
increasing at 0.1 T s 


resistance 0.1 Q 


Figure 3 
Two light bulbs, A and B, are each designed to operate with a 12 volt direct current supply. 
When they are each used in this way, A and B dissipate 4 watts and 12 watts respectively. 
(a) Find the resistance of bulb A and the resistance of bulb B. 


(b) Find the magnitude of the current that would flow through the bulbs if they were 
connected in series with a 24 volt direct current supply (Figure 4). 


(c) Calculate the power dissipated in bulb A when it is connected in the circuit shown in 
Figure 4. 


(In this question, you should assume that the resistance of each bulb does not depend on 
the current passing through it.) 


24 V 


Figure 4 
(a) One of the quantum states of the electron in the hydrogen atom is characterized by the 
set of quantum numbers n = 2, / = 1, m, = — 1, m, = —}. For an electron in this state: 
(i) What is the magnitude of the electron’s orbital angular momentum? 
(ii) What is the z-component of the electron’s spin angular momentum? 


(b) In the absence of a magnetic field, is the quantum state described in part (a) of this 
question degenerate with the quantum state characterized by the set of quantum numbers 
n=2,1=0, m, = 0, m, = 4? In a sentence, give a reason for your answer. 


(a) Two charged particles, A and B, may undergo fusion under the appropriate conditions. 
Sketch a graph of the potential energy of the particles as a function of their separation. 
(6) With the aid of the graph that you drew for part (a) of this question, explain briefly what 
condition(s) must be satisfied classically if the two particles are to approach closely enough 
for fusion to occur. Explain, very briefly, why fusion occurs more readily than would be 
predicted classically. 
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PART B 


Question 11 


Question 12 


This Part carries 16% of the total examination marks. 


You should attempt only ONE question from this Part. Write your answer in one of the answer 
books provided. DO NOT use the same answer book for this Part as for Parts A, C or D. 


(a) Sketch a graph that shows the relationship between the magnitude of the force 
stretching an ideal spring and the extension of the spring. Show that the potential energy 
of a spring extended by a distance s is given by 


where k is a constant. Explain your reasoning carefully. 


The remainder of this question concerns a climber and a climbing rope. You should treat 
the climber as a particle and you should treat the rope under extension as an ideal spring 
of negligible mass. 


(b) A climber and his equipment have a total mass of 100 kg. Hanging motionless from a 
24 metre length of his rope, the climber extends the rope by 0.05m. Calculate the spring 
constant of the 24m length of rope. 


(c) The climber falls from a position where his centre of mass is at the same height as the 
fixed end of the rope. The rope becomes taut when he has dropped through 24 m. Show that 
the distance the rope stretches before it stops the climber’s fall is 1.6m. 


(d) Calculate the magnitude of the tension that the rope must be able to sustain without 
breaking if it is to save the climber in the circumstances described in part (c). 


(e) Calculate the acceleration of the climber at the moment when the tension in the rope 
is a Maximum. 


(a) State Newton’s laws of motion and the principle of conservation of momentum. 
Define the term power. 


(b) By considering a collision between two round pucks moving on a frictionless surface, 
show that Newton’s laws of motion are consistent with the principle of conservation of linear 
momentum. 


(c) A spacecraft manoeuvring system (Figure 5) consists of a beam of particles that are 
ejected with constant speed v from the back of the spacecraft, which is thereby driven 
forwards. The power P for the beam is provided by batteries, and the mass of the particles 
ejected each second is negligible compared with the mass of the spacecraft. Show that, when 
the craft is held at rest, the manoeuvring system provides a propulsive force whose 
magnitude is given by F = 2P/v. 


o 4 power P 
> a 
ee —_____—--— 
C E S 
particles with 2s 


speed v 


Figure 5 


(d) The mass of the spacecraft is 2 x 10° kg and the speed of each of the ejected particles 
is 10° m s~ +. The constant power provided by the batteries is 10 kW. Using the result stated 
at the end of part (c) of this question, calculate the amount of electrical energy that is used 
in accelerating the spacecraft from rest to a speed of 0.5m s~ +. (Assume that the craft is not 
subject to a net gravitational force.) 


TURN OVER 
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PART C 


Question 13 


This Part carries 16% of the total examination marks. 


You should attempt only ONE question from this Part. Write your answer in one of the answer 
books provided. DO NOT use the same answer book for this Part as for Parts A, B or D. 


(a) Figure 6a shows two parallel conducting plates whose separation is small compared 
with their overall size. There is an electrical potential difference V between the plates. 
Sketch a diagram to show the electric field between the plates and around them. 


(b) Assuming that V = 100 volts and d = 1 cm, calculate the value of the electric field at 
point A in Figure 6a. 


(c) A particle with mass m and positive charge q is projected with speed u at an angle 8 to 
the horizontal through a small hole in the lower plate (Figure 6b). It passes through a second 
small hole in the same plate a distance R away from the first. Ignoring gravitational effects, 
show that the particle leaves through the second hole after a time ¢ given by 


— 2umd sin 0 
7 


(d) Show that the charge to mass ratio of a particle that passes through the second hole 
is given by 


q _ 2u*dsin cos 0 


m RV 


(e) The design of a mass spectrometer is based on the principles that you used to answer 
parts (c) and (d) of this question. A beam of singly ionized neon atoms, all with the same 
values of u and 0 are projected through the first hole. Neon has two common stable 
isotopes, 20Ne and Ne. By varying the potential difference between the plates, it is 
possible to allow one isotope and then the other to pass through the second hole. With 
V = 100 volts, only singly ionized 7oNe atoms pass through the second hole. What value of 
V will allow singly ionized Ne atoms to pass through the second hole? 


potential + V = ip = 
(a) A d 
potential 0 Sen 
V 
Set 
(b) 
Pe ee ~ 
0e eee AA 
speed u E n 
particle 
leaves 
Figure 6 
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Question 14 


(a) ‘Two objects are in thermal equilibrium.’ Explain very briefly, in terms of both 
temperature and energy transfer, what is implied by this statement. 


(b) Two vessels, A and B, each of volume 20 litres, contain 0.5 and 1.0 moles respectively 
of the same ideal gas (Figure 7a). The pressure in each is 10° Nm ”. Calculate the tem- 
perature of the gas in each vessel. 


(c) The vessels from part (b) are placed in thermal contact (Figure 7b), and they are 
allowed to come to the same temperature. Their volumes do not change, and no energy is 
lost or gained by the system as a whole. Ignoring the thermal capacities of the vessels, show 
that the final temperature of the gases is 321 K. 


(d) The two vessels are in thermal contact as described in part (c) of this question. Now 
suppose that, with the temperature constant, the wall between the vessels is broken and the 
contents are allowed to mix (Figure 7c). What is the pressure in the composite vessel that 
is formed? 


(e) Consider the composite vessel formed in part (d) of this question. This composite 
vessel expands from 40 litres to 80 litres in volume, by pushing back a piston (Figure 7d). 
There is no heating of the gas. Is energy transferred to or from the gas during this process? 
Does the temperature of the gas rise, fall or remain the same? Justify your answers 
carefully. 


(a) 
0.5 moles 1 mole 
(b) 20 litres 20 litres 
1.5 moles 
(c) 40 litres 
(d) 


piston 


Figure 7 
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PART D 


Question 15 


Question 16 


This Part carries 16% of the total examination marks. 


You should attempt only ONE question from this Part. Write your answer in one of the answer 
books provided. DO NOT use the same answer book for this Part as for Parts A, B or C. 


(a) Write down the postulates that define Bohr’s model of the hydrogen atom. 


(6) Derive an expression for the radius of each Bohr orbit of the electron in the hydrogen 
atom, in terms of the fundamental constants h, é9, m, and e. 


(c) Prove that, according to Bohr’s model, the energy levels of the electron in the hydrogen 
atom are given by 


4 
me 
a= — Ben? 
(d) Draw a labelled diagram of the energy levels of atomic hydrogen, taking care to mark 
on the diagram the quantum number of each of the lowest few energy levels. 


(e) What is meant by the term ‘ionization energy of an electron in a hydrogen atom’? Write 
down an expression for the Bohr model’s prediction for the ionization energy of an electron 
in the ground state of a hydrogen atom. 


(f) State one shortcoming of the Bohr model’s description of the spectrum of atomic 
hydrogen. 


The Schrödinger equation can be used to investigate the behaviour of a particle of mass m 
confined between two infinite, parallel reflecting walls that are separated by distance D 
(Figure 8). In this region, the potential energy of the particle is everywhere zero, and 
Schrodinger’s equation predicts that the energy levels of the confined particle are given in 
the usual notation by 

n?h? 


Ea BaD? (Schrödinger prediction) 


(a) Give a careful statement of Heisenberg’s uncertainty principle, and use it to argue on 
physical grounds that the particle will never be observed to be at rest between the plates. In 
one or two lines of working, show that the Schrödinger equation also predicts that the 
particle will never be observed to be at rest between the plates. 


(b) Sketch the wavefunction of the particle when it has its lowest possible energy. Mark on 
your diagram the point (or points) at which there is a maximum probability of detecting the 
particle when it has its lowest possible energy; give a reason for your choice of point (or 
points). 


(c) Your answers to parts (a) and (b) of this question concerned the quantum mechanical 
description of the confined particle. State three ways in which this description of the particle 
differs from the description given by classical (Newtonian) mechanics. 


(d) State the correspondence principle, and show briefly how the principle can be applied 
to the description of the particle in Figure 8. 


N 
N electron confined 
to this region 

infinitely 
broad 
walls 

N 

\ 

\\ 

Figure 8 
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